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Dynamic control of compact chip-scale contactless manipulation of particles for bioscience applications remains a 
challenging endeavor, which is restrained by the balance between trapping efficiency and scalable apparatus. 
Metasurfaces offer the implementation of feasible optical tweezers on a planar platform for shaping the exerted optical 
force by a microscale-integrated device. Here, we design and experimentally demonstrate a highly efficient silicon-based 
metalens for two-dimensional optical trapping in the near-infrared. Our metalens concept is based on the Pancharatnam-
Berry phase, which enables the device for polarization-sensitive particle manipulation. Our optical trapping setup is 
capable of adjusting the position of both the metasurface lens and the particle chamber freely in three directions, which 
offers great freedom for optical trap adjustment and alignment. Two-dimensional (2D) particle manipulation is done with 
a relatively low numerical aperture metalens (NAML = 0.6). We experimentally demonstrate both 2D polarization sensitive 
drag and drop manipulation of polystyrene particles suspended in water and transfer of angular orbital momentum to 
these particles with a single tailored beam. Our work may open new possibilities for lab-on-a-chip optical trapping for 
bioscience applications and micro to nanoscale optical tweezers.  
 
 
1. INTRODUCTION 
Nowadays, optical tweezers - as cutting-edge technology - pave the way 
to new intriguing application opportunities in the fields of biophotonics 
and biomedical research, such as studies of cell interaction, embryology, 
cancer research or molecular motor characterization [1-4]. In this 
context, optical micromanipulation includes not only trapping by a non-
contact force but also single-cell manipulation, alignment, and sorting of 
mostly micron-sized dielectric particles [5-7]. Furthermore, digital 
holographic optical tweezers can be used to generate individual traps to 
transfer orbital or spin angular momentum and enable the particle 
circulation and spinning [8-10]. To obtain a stable trapping potential, 
the gradient force of a tightly focused beam must balance the scattering 
force exerted on the particle. This is typically accomplished with the use 
of high numerical aperture (NA) lenses and/or microscope objectives. 
Current research on optical tweezers is directed towards the design 
flexibility and versatility in the field of applications, which can be greatly 
enhanced by replacing bulky and expensive optical elements, such as 
microscope objectives and spatial light modulators, with miniaturized 
devices in truly compact setups, suitable for integration into lab-on-a-
chip systems. Benefitting from high degrees of freedom in phase 
modulation and manipulation of the focal characteristics, a polarization-
sensitive plasmonic metalens was used to replace bulky refractive 
elements [11, 12]. However, the relatively low diffraction efficiency of 
the plasmonic metasurfaces, which affects directly the optical trap 
efficiency, limits their applicability in optical trapping [13-15]. 
In recent years, all-dielectric metasurfaces made of low loss and high 
refractive index materials have been introduced [16-19]. Compared to 
their plasmonic counterparts, they feature higher diffraction efficiency, 
lower absorption loss, and a larger optical damage threshold making 
them a suitable candidate for application in optical tweezers [20]. The 
utilization of a silicon metalens in optical trapping has been shown 
recently [21]. The work demonstrated optical trapping with a 
reflection-based silicon metalens in a microfluidic environment. 
However, such reflection-based focusing elements require a double-
pass of the light through the fluidic system, which can increase damage 
to biological samples and reduce the focal spot quality by additional 
scattering processes. 
Here, we present a versatile optical tweezers setup based on 
transmission-type all-dielectric silicon metasurface lenses that can not 
only optically trap microbeads at a fixed position but also optically 
manipulate them without using traditional optical elements. The 
shaping of the intensity profile of the trapping beam by adding a 
spatially-variant phase modulation to the incident beam is based on the 
Pancharatnam-Berry (PB) phase concept [22]. The abrupt phase 
change follows for circularly polarized light that is converted to its 
opposite helicity. This concept enables our device to work either as a 
convex or concave lens based on the used input circular polarization 
state [14, 23, 24]. We demonstrate polarization-sensitive two-
dimensional (2D) drag and drop manipulation of polystyrene 
microbeads suspended in water. Furthermore, we expanded the 
concept to realize a dielectric vortex metalens, which was used to create 
a donut-shaped intensity distribution in the focal region without the 
need for an additional phase mask (q-plate). Theoretical concepts for 
the orbital angular momentum (OAM) transfer with dielectric vortex 
metalens already exist but have not been experimentally demonstrated 
yet [24]. In this work, we show that optically trapped particles can 
indeed rotate in a circular motion based on the topological charge of the 
helical phase front. With our approach, we demonstrate metasurface 
enhanced optical tweezers, which show a high transmission efficiency 
with simultaneous flexibility in beam shaping that can be used for a 
broad range of applications in miniaturized ‘lab-on-a-chip-ready’ 
systems. 
2. METHODS 
2.1 Schematic Concept, Metasurface Design, and Nanofabrication 
The concept of the metalens optical tweezers is shown schematically in 
Fig. 1a. An incident right circularly polarized Gaussian beam at 800 nm 
wavelength is collected by an ultrathin planar metalens and converted 
to a left circularly polarized beam that is focused at the designed focal 
length. Lateral 2D optical trapping of the polystyrene microbeads, which 
have a refractive index higher than the refractive index of water, near 
the focus can be described by the momentum conservation of the 
photons and the beads. The deflected part of the beam from the 
microbead results in a change of the initial momentum direction and, 
therefore, in a momentum difference, which implies a net force directed 
toward the trap center [25].  
To implement the metalens, we designed and fabricated a 2D circular 
nanofin array made of amorphous silicon. The radially changing 
rotation angle 𝜃(r) of the nanofins is determined by the desired PB 
phase modulation 𝜙(𝑟) = 2𝜎𝜃(𝑟), such that 𝜃(r) =
𝜎
2
 𝑘0 (√𝑓2 + r2 − |𝑓|), where 𝜎 = ±1 stands for left or right circular 
polarization (LCP or RCP), 𝑘0 = 2𝜋/𝜆 is the free-space wave vector, 𝑟 
is the distance of the nanofin from the center of the lens and 𝑓 is the focal 
length of the metalens [13, 14].  
By using rigorous coupled-wave analysis (RCWA) with periodic 
boundary conditions, we found the optimal structure dimensions for a 
single nanofin with maximum efficiency of polarization conversion 
from one circular state of polarization to the other. Details of the design 
method can be found in earlier work [26, 27]. Accordingly, the nanofin 
geometries are defined by the length of 200 nm, the width of 120 nm, 
and the center-to-center spacing of 360 nm (Fig. 1b).  
We used three different kinds of all-dielectric silicon metasurfaces for 
our experimental study. A metalens, a linear phase gradient 
metasurface, and a vortex metalens were fabricated on a 1.1 mm thick 
glass substrate using silicon deposition, electron beam patterning, and 
reactive ion etching [28]. At first, a 600-nm-thick amorphous silicon (a-
Si) film was prepared through plasma-enhanced chemical vapor 
deposition (PECVD). Then poly-methyl-methacrylate (PMMA) resist 
layer was spin-coated onto the a-Si film and baked on a hot plate at 
170°C for 2 min. Next, the nanofin structures were patterned by using 
standard electron beam lithography (EBL). The sample was then 
developed in 1:3 Methyl isobutyl ketone (MIBK): Isopropyl alcohol 
(IPA) solution and washed with IPA before being coated with a 20-nm-
thick chromium layer using electron beam evaporation. Thereafter, a 
lift-off process in acetone was executed to remove the remaining PMMA 
from the surface. We used inductively coupled plasma reactive ion 
etching (ICP-RIE) to transfer the structures from the chromium mask to 
silicon. After dry etching the silicon, a thin layer of chromium mask was 
left on top of the silicon nanofins and we used a wet etching process to 
remove completely the residual chromium mask.  
2.2 Optical Characterization of the Metalens and Vortex Metalens 
Figures 1c-d show the impact of the polarization-dependent phase 
modulation by measuring the beam intensity profile along the 
propagation direction z for different circularly polarized beams incident 
on the metalens (see also Fig. 3b). For that, we took snapshots of the 
transverse intensity profiles in incremental steps of 5 µm over the total 
distance of 825 µm (for RCP and LCP incident light, respectively). The 
profiles correspond to axial cross-sections of image stacks obtained 
from different transverse planes. Nearly identical real and virtual focal 
spots with an FWHM of 0.9 µm are observed at the designed real and 
virtual focal planes of 𝑧 =  𝑓 = ±530 µm (Fig. 1e-h). The numerical 
aperture of the metalens in air is NA ≈ 0.6. The diameter of the 
metalens is 800 µm. 
 
Fig. 1. Schematic concept and optical characterization of the all-
dielectric metalens. (a) The conceptual image illustrates the trapping of 
a polystyrene microbead with the help of an all-dielectric metalens, that 
converts an RCP incident Gaussian beam to a focused LCP beam. (b) 
SEM image of the fabricated metalens that consists of amorphous silicon 
nanofin array. The red inset shows a region at the edge of the metalens. 
(c) – (d) Cross-sections of the intensity distribution of the focused beam 
along the optical axis for incident beams with different circular 
polarizations, drawn on a logarithmic scale. For LCP (RCP) illumination, 
the metalens acts as a concave (convex) lens, which results in a virtual 
(real) focal point at 𝑧 =  −530 µm (𝑧 =  +530 µm). The metalens is 
located at 𝑧 = 0. (e) and (g) Transverse intensity distributions at the 
virtual (real) focal point position, drawn on a linear scale. (f) and (h) Red 
dots: 1D intensity cross-sections along the white dashed line shown in 
panel (e) and (g), respectively. Black dashed line: Gaussian fits to the 
measured data points, which provide an FHWM of 0.9 µm in both 
considered cases. 
The metalens diffraction efficiency is crucial for the application in optical 
tweezers. Note that any polarization-unconverted light (same 
polarization as the incident polarization state) does not carry the 
metalens phase information and therefore is not contributing to the 
focusing. It only increases the radiation pressure on the particle and 
decreases the trap efficiency. We measured the metasurface diffraction 
efficiency by using a metasurface diffraction grating, which is fabricated 
with silicon nanofin parameters identical to those of metasurface lenses 
on the same substrate. A conceptual schematic of the measurement is 
illustrated in Fig. 2a. A focused circularly polarized Gaussian beam 
incident on the grating is partly converted to the cross-circular 
polarization at the metasurface position (RCP to LCP or LCP to RCP) and 
then deflected by the introduced phase grating into the 1st or -1st 
diffraction order, while the unconverted part of the incident beam 
causes the 0th diffraction-order in co-circular polarization (RCP to RCP 
or LCP to LCP). To determine the diffraction efficiency, we measured the 
k-space intensity distribution for all combinations of input and output 
circular polarization states (Fig, 2b, see also Fig. 3c for detailed 
experimental setup). We defined the diffraction efficiency by the ratio of 
the desired cross-polarized light intensity that is diffracted into the first 
order to the total amount of light that was transmitted by the 
metasurface. Diffraction efficiencies of 82.1% for LCP and 83.7% for 
RCP input light are obtained. From that, we determined the polarization 
conversion efficiency by multiplying the diffraction efficiency by the 
transmission coefficient [29]. The transmission coefficient is 
determined by the ratio of the total intensity transmitted through the 
metasurface compared to the intensity transmitted through the glass 
substrate. From these values, we estimate the overall conversion 
efficiency for the converging metalens and vortex metalens to be 70.8%. 
 
 
Fig. 2. Measurement of the metasurface diffraction efficiency and the 
optical characterization of the vortex metalens. (a) Schematic image of 
the diffraction efficiency measurement: The metasurface diffraction 
grating with LCP incident light deflects the RCP beam to the -1st order of 
diffraction, while the unconverted LCP part remains at 0th diffraction 
order. (b) The cross-section intensity distribution of 1st, 0th and -1st order 
of diffraction for the incident LCP and RCP beams, further divided into 
the respective co- and cross-polarization states. (c) and (d) The cross-
section intensity distributions of the beams converted by the vortex 
metalens along the optical axis on a logarithmic scale for better visibility. 
For LCP to RCP (RCP to LCP) conversion, the metalens acts as a concave 
(convex) vortex lens, which results in a virtual (real) focal point at 𝑧 =
 −545 µm (𝑧 =  +545 µm). The helical phase factor results in zero 
intensity on the optical axis in the focal region. (e) and (g) Transverse 
intensity distributions of the donut-shaped beam profiles at the focal 
point positions indicated by white arrows in panels (c), (d), drawn on a 
linear scale. (f) and (h) Red dots: 1D intensity cross-sections along the 
white dashed lines shown in panels (e) and (g), respectively. 
As a next step, we characterized the optical properties of the vortex 
metalens in the same way as for the regular metalens (Fig. 2c-h). For 
fabricating the vortex metalens, we used the metasurface design 
flexibility to superimpose the parabolic phase profile of the regular lens 
with a helical phase factor 𝜑(𝑥, 𝑦) = 𝑚 ⋅ arctan(𝑥/𝑦) that generates 
a high-quality donut-shaped intensity distribution with a topological 
charge of 𝑚 = ±4, whereas x and y are the center coordinates of each 
nanofin (Fig. 2e-h) [24]. Depending on the input circular polarization, 
the phase modulation of the vortex metalens is reversed resulting in 
either a real focusing vortex beam with a topological charge of 𝑚 = +4 
for an incident RCP beam or a virtual focusing vortex beam with 
inverted OAM helicity (𝑚 = – 4) for an incident LCP beam. The vortex 
metalens has a diameter of 𝑑𝑚𝑎𝑥 = 400 µm and a focal length of 
 𝑓ML = 545 µm, corresponding to a numerical aperture of NA ≈ 0.35.  
2.3 Experimental setup  
Next, we characterized the performance of the different fabricated 
metalenses for optical trapping of microbeads. The metalens optical 
tweezers setup is shown in Fig. 3a. We used a continuous-wave 
Ti:sapphire laser at a fixed output wavelength of 800 nm as the light 
source. The laser power was adjusted with a half-wave plate placed in 
front of a fixed Glan-Taylor polarizer. By adjusting the quarter-wave 
plate, we generated different input circular polarizations. The laser 
beam was weakly focused by a regular convex lens (f
1
=500 mm) in 
such a way that the beam waist was slightly larger than the metalens 
diameter. A non-polarizing 50:50 beam splitter directed both the 
circularly polarized input beam and the collimated white light 
illumination onto the sample. The laser beam reflected from the beam 
splitter was used for power measurement. The metalens focused the 
RCP beam into the polystyrene microbeads solution contained in a 
sample chamber formed by a concavity glass slide and a cover glass. 
Both the metalens and the sample chamber were adjusted freely using 
independent three-dimensional translation stages. The laser beam 
profile and the white light image of the microbeads at the same lateral 
plane were imaged on the CMOS camera (Thorlabs DCC1545M) by a 
Nikon CFI60 Plan Epi infinity-corrected microscope objective (× 100/
 0.8) and a tube lens (fTL=200 mm). To block the laser power and track 
the particle positions, we used a short-pass filter in front of the camera. 
The experimental setup can be easily switched to the optical 
characterization measurements, such as the propagation experiment 
(Fig. 3b) and the diffraction efficiency measurement (Fig. 3c).   
 
Fig. 3. Schematic illustration of the measurement setup. A non-
polarizing beam splitter (BS) is used to insert white light (WL) for 
sample illumination at the front side of the metasurface (MS - either 
metalens, vortex metalens, or metasurface diffraction grating) and to 
measure the incident laser power with a power meter (PM). Three 
different configurations can be used (blue dashed boxes): (a) Metalens-
based optical tweezers system. Laser light with the desired polarization 
state is focused by the metalens onto the microbeads sample (S) while 
the focal plane of the metalens is imaged on the camera (CAM) through 
a microscope objective (MO) and a tube lens (TL). The polarization 
states were separated by a polarization analyzer consisting of a quarter-
wave plate and a linear polarizer. (b) Optical propagation measurement 
setup. (c) Setup for efficiency measurement with the metasurface 
diffraction grating. (d) Arrangement of the MS and S in the metalens-
based optical tweezers system. H – half-wave plate; Q – quarter-wave 
plate; P – linear polarizer; CL – collimating lens; F – filter; 𝑓1,2,3 – lenses. 
3. EXPERIMENTAL RESULTS AND DISCUSSIONS 
For demonstrating the optical trapping, we dispersed polystyrene 
microbeads (Polysciences Polybeads) in purified water and loaded the 
resulting suspension into a concavity glass slide (cavity depth 1.2 - 1.5 
mm), which is sealed with a 140-µm thick cover glass. In our 
experimental setup, the metalens sample and this cover glass were 
faced towards each other (Fig. 3d). Hence, the working distance of the 
trapping metalens had to cover a small air gap between the metalens 
and the microbeads sample covered by the 140 µm thickness of the 
cover glass. The real focal spot was then generated inside the spherical 
concavity. This configuration was the reason for working with a 
relatively large focal length (f > 500 µm), but at the same time, it also 
offered great flexibility in the trap center adjustment and simple and 
easy switching between particles of different sizes. To switch to 
different particles, only the microbeads sample needs to be replaced but 
the metalens sample remains exactly in the focal plane of the incident 
beam.  
3.1 Metalens optical tweezers for 2D particle manipulation 
For the measurement, we adjusted the metalens real focal spot in an x-
y-plane where polystyrene microbeads were attracted to the cover 
glass surface. Such surface adhesion forces like van der Waals and 
electrostatic interaction forces are known as DLVO forces [30]. In a 
horizontal beam path configuration, the transverse (lateral) gradient 
force generated by our metalens focus was strong enough to maintain a 
stable trap in 2D at a laser power of 30 mW. It also stabilized the 
particles against the force of gravity that tried to pull the particles out of 
the trap in the y-direction. By tuning the input circular polarization, 
particles were either be trapped and dragged in the medium (operation 
as converging metalens) or they were attracted by the surface of the 
cover glass (operation as concave metalens). Therefore, we can actively 
tune the 2D gradient force as well as the radiation pressure using the 
ellipticity of the polarization state. The converging metalens for RCP 
input generated a focal spot that was smaller than the particle diameter. 
Therefore, the radiation pressure on the particle increased while it was 
also partly counteracting the attraction between particle and cover 
glass. For the 2D lateral trapping, the particle was attracted by the trap 
center and could be dragged through the solution by moving the 
microbeads glass slide sample. To drop the particle at the intended 
location, we had to change the input circular state of polarization, so that 
the metalens would now work as a concave lens and the beam diverges. 
Therefore, the radiation pressure on the particle vanished and the 
particle stuck to the cover glass again. For demonstration purpose, we 
arranged different lateral pattern in the form of the letters “M”, “E”, “T” 
and “A” with different particle diameters ranging from 2.0 to 4.5 μm (Fig. 
4a-d). Video files of the M-shaped particle arrangement can be found in 
the supplementary material (Visualization 1). 
We evaluated the lateral trapping stiffness by the standard calibration 
methods that are based on the particle motion in a stationary optical 
trap (Fig. 4e) [31, 32]. For that, we used the MATLAB UmUTracker [33] 
to track particle trajectories of the polystyrene microbeads that freely 
sank to the bottom in our horizontal optical tweezers setup (particle 
diameter 4.5 µm). We then compared these results with particles that 
sank through the 2D optical trap generated by the metalens of NA ≈
 0.6. The velocity with which the particle was attracted to the trap is 
tracked for different laser powers from 20 to 90 mW. The power 𝑃 in 
the trapping plane is reduced due to the metasurface overall efficiency 
and interface reflections. We found that the maximum lateral trapping 
forces acting on the bead are lower than 𝐹𝑚𝑎𝑥 < 2 pN. The accuracy of 
the calibration procedure depends on the precision of particle position 
tracking, which in our system is limited by the magnification of our 
imaging system and the framerate of the used camera. We assume that 
the trapping potential is harmonic following a linear dependence of the 
lateral optical force on the particle distance from the beam axis. The 
linear fit of the radial stiffness 𝑘𝑟  versus power 𝑃 yields the power 
normalized radial stiffness of 𝐾𝑟  ≈  7.53 pNµm
-1W-1, which agrees 
with values reported in other works under similar experimental 
conditions [11].  The trapping efficiency reads 𝑄𝑟 = 𝑘𝑟𝑟𝑚𝑎𝑥
𝑐
𝑛𝑃
, where 
𝑐/𝑛 is the speed of light in the viscous medium and 𝑟max is the 
maximum displacement. We obtained an efficiency of 𝑄𝑟 ≈ 0.004. We 
further confirmed our measurements with radial stiffness simulation 
based on the Generalized Lorentz-Mie theory (GLMT) [34], which is 
illustrated in Fig. 4f. As input parameters, we used the focal spot size 
from the optical characterization measurement that is broadened by a 
factor of four in the actual metalens optical tweezers system (Fig. 3a), 
the wavelength of 800 nm, and the focal length of 530 µm. The 
simulation shows the trap stiffness landscape for different particle 
diameter and relative refractive indices. For polystyrene particles in 
water, we find the relative refractive index 𝛥𝑛 ≈  1.19 and for a 
particle diameter of 4.5 μm the power normalized radial stiffness is 
𝐾𝑟 ≈ 9.5 pNµm
-1W-1. Note that the model predicts that small changes 
in particle size lead to large changes in trapping stiffness and therefore, 
simulation and experiment should be compared with caution. 
 
 
Fig. 4. Metalens for 2D polarization-sensitive drag and drop 
manipulation of particles. Polystyrene particles with a diameter of (a) 
4.5 µm, (b) 3.0 µm, (c) 2.0 µm, and (d) 4.5 µm are dispersed in water and 
arranged by polarization-sensitive drag and drop using the metalens. 
(e) Radial stiffness 𝑘𝑟  vs power in trapping plane 𝑃 for polystyrene 
particles with a diameter of 4.5 µm. (f) GLMT simulation for the radial 
stiffness of optical trap with different particle refractive indices and 
various particle diameters. Dashed lines indicate the experimental 
values of the particle size and the relative refractive index. 
3.2 Vortex Metalens for OAM transfer with a single tailored beam 
In a second metalens optical tweezers experiment, we studied the OAM 
transfer from our vortex metalens to a polystyrene microbead. We 
rotated the optical trapping part of the setup (marked with the blue 
dashed box in Fig. 3a) by 90 degrees so that the gravitational force does 
not disturb the lateral rotation movement of particles in the x-y-plane 
(vertical optical tweezers setup with the gravitational force parallel to 
the z-axis). We only used the sample with polystyrene microbeads of 4.5 
µm diameter. The vortex focal spot with the topological charge of m = +4 
was adjusted to the lateral region where particles stuck to the cover 
glass (Fig. 5a). We marked the donut-shaped intensity distribution with 
red dashed lines and put a short-pass filter in front of the camera to 
block the laser radiation. We moved the microbeads sample laterally to 
trap only one particle onto the donut-shaped intensity distribution. 
Next, we observed that the polystyrene bead is undergoing a rotational 
movement along with the vortex beam profile at 19 mW laser power, 
consistent with the topological charge of the beam (Visualization 2). We 
tracked the movement in the x-y-plane with the help of MATLAB 
UmUTracker (Fig. 5b). However, the particle was pushed in the axial 
direction and left the lateral trap potential after approximately 35 
seconds. The transient confinement might be caused by 
inhomogeneous illumination of the vortex metalens, which led to 
regions on the donut-shaped intensity distribution with lower intensity. 
After 30 seconds we had to readjust the microscope objective about 
12.5 µm in the z-direction. Nevertheless, a clear movement along a 
circular path given by the intensity profile could be observed during that 
time. Lastly, we compared the power dependence of the radial trap 
stiffness by repeating the calibration method for the vortex metalens 
(Fig. 5c). The linear fit now yields a power normalized radial stiffness, 
which is reduced to 𝐾𝑟 ≈ 4.28 pNµm
-1W-1 and a trapping efficiency of 
𝑄𝑟 ≈ 0.002. 
 
 
Fig. 5. Vortex metalens for OAM transfer (a) Vortex metalens with a 
numerical aperture of NA = 0.35 is used to generate a donut-shaped 
intensity distribution in the focal spot region. At t = 0s a particle (4.5 µm 
diameter) is attracted by the lateral gradient force. The orbital angular 
momentum is transferred onto the particle resulting in a clockwise 
rotational movement. Simultaneously, the particle is slowly pushed out 
of the trap in the axial direction (b) Trajectory plot of the particle’s 
rotational movement. (c) Radial stiffness kr of the vortex trap versus 
power in trapping plane P. 
4. CONCLUSION 
In summary, we demonstrated efficient all-dielectric 
transmission-type metasurfaces made of Si nanofins for optical 
micromanipulation in 2D optical tweezers. We utilized the 
geometric Pancharatnam-Berry phase to enable a switchable 
metalens functionality – a convex and a concave lens based on 
the circular input polarization. With this concept, we could 
realize a polarization-sensitive drag and drop manipulation of 
polystyrene microparticles dispersed in water at a power-
normalized radial stiffness of 𝐾𝑟 ≈ 7.53 pNµm
-1W-1. 
Furthermore, we showed the OAM transfer onto particles with 
the help of a vortex metalens, realizing both vortex beam 
generation and focusing by one single metasurface element at a 
radial stiffness per unit power of 𝐾𝑟 ≈  4.28 pNµm
-1W-1. Hence, 
no additional phase masks for beam shaping were required. Our 
work paves the way for future devices based on metalens optical 
tweezers with possible integration of electronically addressable 
liquid crystals to switch the polarity of the metalens and that 
enable fully remotely controlled lab-on-chip optical tweezers. 
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